Research from this laboratory has recently demonstrated that the omasal epithelium of sheep is capable of absorbing dipeptides. In order to express proteins potentially responsible for the mediated absorption of small peptides, size-fractionated poly(A) + RNA (RNA) isolated from omasal epithelial tissue of sheep (average BW 67.5 kg) were injected into defolliculated Xenopus laevis oocytes. The ability of oocytes injected with RNA or water to absorb
Introduction
The absorption of dietary peptides by the small intestine is now recognized as a major source of amino acid N acquisition in nonruminants (Matthews, 1991) . Paramount to this understanding has been the biochemical characterization of mediated peptide transport . Little research, however, has been conducted that attempts to characterize the potential for peptide absorption in ruminants (Webb et al., 1993) .
Nutritionally significant quantities of peptidebound amino acid N probably exist in rumen liquor (Chen et al., 1987; Broderick and Wallace, 1988; Broderick et al., 1990) . The use of parabiotic chambers has demonstrated that isolated ruminal and omasal epithelia have the ability to absorb dipeptides, by apparently nonmediated processes . However, the multi-layered morphological structure of forestomach epithelia presents unique challenges to characterizing transport proteins by traditional biochemical techniques. The expression of mammalian epithelial messenger RNA ( mRNA) in Xenopus laevis oocytes has resulted in the identification and cloning of copy DNA ( cDNA) encoding peptide transport proteins (Miyamoto et al., 1991; Saito et al., 1993; Fei et al., 1994) . Employing this technique, we sought to determine whether mRNA that encode proteins capable of mediating the absorption of dipeptides exist in omasal epithelia of sheep.
Materials and Methods
Unless noted otherwise, all chemicals, substrates, and reagents were of either molecular biology or cell culture-tested chemical grades. All reagents, equipment, and standard protocols used in the collection, defollicularization, culture, and microinjection of sizefractionated poly(A) + RNA into Xenopus laevis oocytes have been described .
RNA Extraction. RNA was extracted from the omasal epithelium of cross-bred sheep (average BW 67.5 kg) raised at the Virginia Agriculture Experiment Station. All sheep had ad libitum access to a mixed pasture, mineral blocks, and water for at least 2 wk before tissue collection. In groups of three or four, 21 sheep were individually anesthetized by intravenous injection of sodium pentobarbital (approximately 28.9 mg/kg BW). The abdominal cavity was opened quickly, the omasum was removed and the animal killed by exsanguination. The omasum was opened through the omasal orifice, and the digesta was removed by rinsing in 4°C .85% saline. Order I and II omasal laminae (McSweeney, 1988) were removed from the omasal body and serially washed with gentle agitation in five 4°C saline baths to remove adhering particles of digesta.
Omasal mucosa was scraped from the underlying lamina musculature using a glass slide, divided (approximately 6 g ) into a series of 50-mL polypropylene tubes containing 25 mL of 4°C RNA extraction buffer ( 4 M guanidine thiocyanate, 25 mM sodium citrate, .5% sodium lauroylsarcosine, .1 M betamercaptoethanol), homogenized, and held in an ice bath for an average of 30 min. The total time from anesthesia to completion of tissue homogenization was less than 15 min. The homogenized tissue was pooled, divided into three 250-mL centrifuge bottles (approximately 12 g tissue per bottle), and the total RNA (by group) was extracted essentially as described (Puissant and Houdebine, 1990) .
Isolation of Size-Fractionated Poly(A) + RNA. Poly(A) + RNA was isolated from total RNA by chromatography on oligo(dT) cellulose as described by Sambrook et al. (1989) , except that denaturation of RNA was achieved by 10-min incubations at 65°C and that the elution buffer ( 1 mM EDTA, 10 mM TrisHCl, pH 7.6) lacked SDS. The final eluate was collected in 1.5-mL ultracentrifuge tubes and precipitated with isopropanol for at least 18 h at −20°C. The poly(A) + RNA precipitate was recovered after centrifugation for 30 min at 80,000 × g and 2°C and sizefractionated through an 8 to 20% linear sucrose gradient (Sambrook et al., 1989; by centrifugation for 15 h at 80,000 × g and 4°C. Typically, 48 .27-mL fractions were collected. An equal volume of 5.0 mM b-mercaptoethanol was added to each fraction to reduce the methyl mercuric hydroxide in the gradient buffer, and the size-fractionated poly(A) + RNA were stored as an ethanol precipitate at −20°C. When appropriate, the integrity and expressibility of size-fractionated omasal RNA were evaluated by its ability to induce Na + -independent uptake of L-[ 3 H]lysine by defolliculated Xenopus laevis oocytes . Stage IV and V oocytes (Dumont, 1972) were defolliculated after collection from mature female Xenopus laevis frogs (Coleman, 1984) . The defolliculated oocytes were rinsed five times and allowed to heal for at least 18 h in sterile-filtered Ca 2+ -containing media (96 mM NaCl, 2.5 mM sodium pyruvate, 2 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 5 mM HEPES/NaOH, pH 7.6, 1.0 × 10 5 units/L penicillin G, and 1.67 × 10 5 units/L streptomycin) and cultured in Petri dishes at 18°C. Previous studies showed that oocytes defolliculated and cultured in this manner retained their endogenous amino acid uptake capabilities .
Preparation of Oocytes for Injection.
Microinjection of mRNA and DNA Oligomers. Using a positive pressure microinjection system , we injected defolliculated oocytes in the animal pole, near the polar interface, with fractions F34 through F40 of sucrose-gradient fractionated omasal poly(A) + RNA (corresponding to 11 ± .81% sucrose) that had been stored at −20°C for no more than 3 wk after suspension in DEPC-treated water. The amount of poly(A) + RNA injected into oocytes (see Results) varied among fractions and groups of animals because of inherent differences in the amount and molecular size of epithelial mRNA in omasal mucosa and the subsequent practice of suspending all fraction precipitates in the same volume (usually 5 mL ) and the injection of the same volume (usually 110 nL) into oocytes. Within an injection treatment, radiotracer experiments demonstrated that the volume of solution injected per oocyte was approximately the same ( ± 10%).
Oligomer depletion of uptake experiments were performed essentially as described (Fei et al., 1994) . Two microliters of pooled poly(A) + RNA (fractions F34, F35, and F36; 2.0 ng/nL) or water was incubated at 42°C for 1 h with 2 mL of 50 mM NaCl or with 2 mL of 50 mM NaCl that contained either .5 ng of degenerate deoxynucleotide sense oligomer ( 5′-GCCACCATGGGNATGTC-3′) as a negative control or .5 ng of degenerate deoxynucleotide antisense oligomer ( 5 ′-GACATNCCCATGGTGGC-3′) . These solutions were stored in an ice-bath until injection (120 nL) into oocytes.
After injection, oocytes were cultured for 4 d at 18°C in Ca 2+ -containing media. Oocytes of the same injection treatment were cultured in a common 20-mL borosilicate vial. Daily, the media was changed, and damaged (ruptured, mishapened, matured) oocytes were discarded (typically, one-half of those injected).
Peptide Uptake Experiments. The standard uptake buffer contained 96 mM NaCl, 2 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 3 mM MES, 3 mM HEPES, pH 5.5, and appropriate quantities of peptide and free amino acid substrates. Only those oocytes of the same size and stage of maturation were selected for uptake experiments on the day of assay. This resulted in the use of various numbers of oocytes in experiments (see figure legends). Before assay, oocytes were washed four times in pH 7.6 standard uptake buffer to remove any residual antibiotics. Uptake experiments were initiated by placing all oocytes of a given injection treatment into 7-mL plastic vials that contained .5 mL of experimental uptake buffer (standard uptake buffer plus 5.4 to 11 mCi/mL of [1,2]-[ 14 C]glycyl-L-sarcosine ([ 14 C]Gly-Sar, 110 mCi/mmol, custom synthesized, Moravek Biochemicals, Brea, CA) and appropriate amounts of non-radiolabeled amino acid substrates (see figure legends).
After room temperature incubation for appropriate time periods (see figure legends), experiments were terminated by the addition of 4 mL of 4°C stop solution (pH 7.6 standard uptake buffer that included 5 mM glycyl-L-sarcosine; Gly-Sar). Oocytes were then serially washed six times in 1.5 mL of the 4°C stop solution to remove nonspecifically bound extracellular [ 14 C]Gly-Sar. Oocytes were individually transferred in 30 mL of stop solution into 7-mL plastic scintillation vials containing .2 mL of 10% SDS. Aliquots (30 mL ) of the last wash of each treatment group were collected for determination of background radioactivity. After room temperature digestion of the oocytes (minimum of 4 h), 5 mL of scintillation fluid (Scintiverse BD; Fisher Scientific) were added to each vial and allowed to equilibriate (minimum of 4 h ) before quantifying the 14 C content by liquid scintillation counting (LS 5000TA Scintillation Counter; Beckman Instruments, Fullerton, CA). Recorded counts per minute were converted to decays per minute using a standard quench curve.
Water-injected and poly(A) + RNA-injected oocyte uptake values for [ 14 C]Gly-Sar were determined as the product of background-corrected dpm × the specific activity of the buffer. Induced oocyte uptake values were calculated by subtracting the water-injected uptake values from the RNA-injected uptake values. Induced K t values were generated by fitting the data to the Michaelis-Menton equation y = Vmax × X/(K t + X ) using the P.Fit computer program (Version 5.1, Statistical Analyses. For the time-course experiments, the effects of time, injection treatment, and their interaction on the ability of oocytes to absorb Gly-Sar were evaluated using the GLM procedure of SAS (1988) . Orthogonal contrasts were used to test for differences in rates of absorption. For the characterization of K t and pH-dependence of Gly-Sar uptake experiments, the effects of injection treatment, group, substrate or H + (respectively), and their interactions on mean Gly-Sar uptake were evaluated using the GLM procedure of SAS (1988) . Orthogonal contrasts were used to test for injection treatment differences in the quantity of Gly-Sar absorbed. Orthogonal polynomial contrasts were used to partition the effect of substrate or H + concentration on oocyte uptake of GlySar into linear, quadratic, and cubic components. Because of missing observations (damaged oocytes), contrast coefficients were generated by the Matrix function of SAS (1985) .
For the competitive inhibition of Gly-Sar absorption experiments, the effects of group, injection treatment, and their interactions on the ability of oocytes to absorb Gly-Sar were evaluated using the GLM procedure of SAS (1988) . For the oligomer depletion experiment, the effect of injection treatment was evaluated. Respectively, within an injection treatment, the effects of competitor or co-injected substrate were evaluated using Tukey's multiple comparison test ( P < .05). These calculations were performed manually to generate the appropriate standard deviations and critical values for each combination of unequal treatment observations (Lentner and Bishop, 1993) . Similarly, the effect of injection treatment on the ability of oocytes to absorb Gly-Sar in the oligomer depletion experiment was evaluated using the GLM procedure of SAS, whereas the effect of water, antisense DNA, or sense DNA on endogenous and induced absorption of Gly-Sar were evaluated using Tukey's multiple range test.
Results
Demonstration of mRNA-Inducible, Time-Dependent Uptake. A time course trial was conducted to determine the optimal length of time required to measure the uptake of Gly-Sar by the oocytes. The absorption of Gly-Sar from pH 5.5 media by oocytes 4 d after injection with water or poly(A) + RNA (RNA; 2.9 ng/ nL) increased linearly ( P < .001) over the course of 1 h (Figure 1) . A treatment × time interaction ( P < .02) was observed, reflecting the greater ( P < .001) rate of Gly-Sar absorption by oocytes injected with RNA than with water. The RNA-injected oocytes absorbed approximately 2.0, 2.1, 1.4, and 3.1 times more Gly-Sar than control oocytes at 15-, 30-, 45-, and 60-min samplings. On the basis of the overall linearity of these results, subsequent characterization of endogenous and RNA-inducible uptake of Gly-Sar by oocytes was evaluated using a 60-min uptake period.
To determine the optimal post-injection day of GlySar uptake, oocytes were assayed for their ability to absorb Gly-Sar (.4 mM) on d 1, 2, 3, and 4 after injection of 100 nL of water or RNA (2.4 ng/nL; Figure Figure 1 . Time course for glycyl-L-sarcosine (Gly-Sar) absorption by defolliculated Xenopus oocytes 4 d after injection with water or size-fractionated sheep omasal epithelium poly(A)+ RNA (RNA). Oocytes were assayed for Gly-Sar uptake in pH 5.5 media (.05 mM Gly-Sar). Each time period measurement represents group (n = 1) absorption means ± SE of oocytes injected with water (n = 5) or RNA (n = 4 to 7). Linear time effect (P < .001). Time × treatment effect (P < .016).
Figure 2. Time-dependent expression of glycyl-Lsarcosine (Gly-Sar) absorption activity by defolliculated Xenopus oocytes injected with water or size-fractionated sheep omasal epithelium poly(A)+ RNA (RNA). Oocytes were assayed for Gly-Sar uptake in pH 5.5 media (.4 mM Gly-Sar) 1, 2, 3, or 4 d after injection. Each time period measurement represents group (n = 1) absorption means ± SE of oocytes injected with water (n = 3 to 5) or RNA (n = 3 to 7). Day × treatment effect (P < .001) on oocytes injected with RNA.
2). Gly-Sar absorption by water-injected oocytes did not increase by day. In contrast, a day × treatment interaction ( P < .02) was observed, reflecting the 1.5 and 2.6 times greater ( P < .001) uptake (fmol·oocyte −1 ·60 min −1 ) of Gly-Sar by oocytes injected with RNA on d 3 (1,097 ± 30) and d 4 (1,965 ± 363), as compared with water-injected oocytes (751 ± 44 and 752 ± 49, respectively).
Determination of pH-Dependent, mRNA-Induced
Gly-Sar Uptake. The potential for Gly-Sar uptake by oocytes injected with sheep omasal epithelium mRNA to be dependent on an extracellular-to-intracellular proton gradient was investigated by observing the effect of increasing levels of pH on .4 mM Gly-Sar uptake by oocytes injected with 100 nL of poly(A) + RNA (.97 to 1.2 ng/nL) or water (Figure 3 ). More ( P < .001) Gly-Sar was absorbed (fmol·oocyte −1 ·40 min −1 ) by RNA-injected oocytes than by oocytes injected with water. This uptake had both linear ( P < .001) and quadratic ( P < .01) components. In contrast, increasing the pH linearly ( P < .001) stimulated Gly-Sar uptake by oocytes injected with water. A pH × treatment interaction ( P < .04) was observed and reflects the reduced ability of media H + concentrations lower than pH 6.0 to stimulate the uptake of Gly-Sar by oocytes injected with RNA, as compared with oocytes injected with water.
The effect of pH on Gly-Sar uptake by oocytes injected with water (endogenous) and induced uptake of Gly-Sar also differed ( P < .001; Figure 3 ). The quantity (fmol·oocyte −1 ·40 min −1 ) of induced Gly-Sar absorption at pH 5.0 (121 ± 25.4), 5.5 (92 ± 36), 6.0 (127 ± 51), and 6.5 (65 ± 26) was greater ( P < .05) than at pH 7.5 ( −1 ± 22). Thus, Gly-Sar absorption induced by the presence of omasal mRNA increased when a pH gradient of at least 1 log unit existed between uptake media and oocyte cytosol. In contrast, endogenous absorption of Gly-Sar increased ( P < .05) as the extracellular-to-intracellular proton gradient was removed in half-log steps from pH 5.5 to 7.5 (pH 5.0, 102 ± 7; pH 5.5, 144 ± 11; pH 6.0, 297 ± 37; pH 6.5, 389 ± 32; pH 7.5, 486 ± 28). Because maximal induced Gly-Sar absorption occurred at pH levels 5.0 to 6.0, and in order to minimize the contribution of endogenous absorption so that the sheep omasal mRNA-induced Gly-Sar uptake could be preferentially characterized, all other uptake studies were conducted at pH 5.5.
Determination of mRNA-Induced K t . To determine whether the enhanced ability of RNA-injected oocytes to absorb Gly-Sar was the result of expressing proteins that mediated absorption, the uptake of Gly-Sar (Figure 4 ) from pH 5.5 media containing .1, .4, .8, 1.2, 1.6 or 6.4 mM concentrations of Gly-Sar by water-and RNA-injected oocytes was studied. Uptake of Gly-Sar was greatest ( P < .001) by RNA-injected oocytes (1.0 to 1.1 ng/nL). Gly-Sar uptake by RNA-injected oocytes increased in a curvilinear manner, displaying both linear ( P < .001) and quadratic components ( P < .002). In contrast, the uptake of Gly-Sar by waterinjected oocytes increased linearly ( P < .001) as substrate media concentrations were increased. Induced absorption of Gly-Sar displayed MichaelisMenton (saturable) kinetics, with an affinity constant ( K t ) of .40 ± .23 mM.
Characterization of mRNA-Induced Uptake. To further characterize the inducible mediated Gly-Sar transport processes, the effect of co-incubating 5 mM levels of carnosine, methionylglycine, glycylleucine, or Figure 3 . pH-dependent glycyl-L-sarcosine (Gly-Sar) absorption by defolliculated Xenopus oocytes injected with water or size-fractionated sheep omasal epithelium poly(A)+ RNA (RNA). Induced uptake was calculated as the difference in Gly-Sar uptake by oocytes injected with water and with RNA. Oocytes were assayed for Gly-Sar uptake in media (.1 mM) of varying pH. Each measurement represents across group (n = 3) absorption means ± SE of oocytes injected with water (n = 9 to 14) or RNA (n = 9 to 13). Uptake of Gly-Sar was greater (P < .001) by oocytes injected with RNA than by oocytes injected with water. pH × treatment interaction for water-injected and induced oocyte uptake (P < .04). Linear (P < .001) pH effect on water-injected and induced oocyte uptake. Linear (P < .001) and quadratic (P < .03) pH effect on induced oocyte uptake. . Induced uptake was calculated as the difference in Gly-Sar uptake by oocytes injected with water and with RNA. Oocytes were assayed for Gly-Sar uptake in pH 5.5 media. Each concentration measurement represents across group (n = 2) absorption means ± SE of oocytes injected with water (n = 9 to 13) or RNA (n = 10 to 13). Uptake of Gly-Sar was greater (P < .001) by oocytes injected with RNA than by oocytes injected with water. Linear (P < .001) concentration effect on waterinjected oocyte uptake. Linear (P < .04) and quadratic (P < .001) concentration effects on induced uptake. glycine with .1 mM Gly-Sar levels on Gly-Sar uptake (fmol·oocyte −1 ·60 min −1 ) in RNA-and water-injected oocytes was evaluated ( Figure 5 ). Endogenous GlySar uptake at .1 mM by oocytes injected with water (300 ± 31) was reduced ( P < .05) 62.3% by the presence of methionylglycine and 59.0% by the presence of glycylleucine. In contrast, 5 mM concentrations of carnosine and glycine had no effect on endogenous Gly-Sar uptake.
The uptake of Gly-Sar (496 ± 73) by oocytes injected with RNA (.9 to 2.0 ng/nL) at .1 mM Gly-Sar ( Figure 5 ) was 1.7 times greater ( P < .007) than by water-injected oocytes. Induced Gly-Sar uptake was reduced ( P < .05) 44% by carnosine, 94% by methionylglycine, and 91% by glycylleucine, but not by glycine.
mRNA-Oligomer Depletion of Induced Uptake. To test whether sheep omasal mRNA species that encode for H + /peptide cotransport activity share homology with mRNA species from rabbit small intestinal epithelium, oocytes were injected with 110 nL of a mixture of RNA (fractions F34, F35, and F36; 2.5 ng/ nL) or RNA plus degenerate DNA oligomers (antisense; .25 ng/nL) that are complementary to the sequence flanking the initiation site of the cloned rabbit intestinal H + /peptide cotransport protein (PepT1; Fei et al., 1994) . DNA oligomers (sense; .25 ng/nL), identical to the coding strand of PepT1 mRNA, or water (water) was injected (110 nL) as DNA or volume injection controls, respectively.
The uptake of Gly-Sar (fmol·oocyte −1 ·60 min −1 ) was compared between and within injection treatments ( Figure 6 ). For oocytes injected with RNA plus water, the quantity of induced uptake of Gly-Sar was 2.0 times (1,240 ± 150) greater ( P < .001) than that observed by oocytes injected with only water (610 ± 33; no RNA). Within injection treatments, for oocytes not injected with RNA, the Gly-Sar uptake did not differ ( P < .05) in oocytes injected with water (610 ± 33) or antisense control DNA (692 ± 67). Likewise, induced uptake of Gly-Sar by oocytes co-injected with mRNA and water (1,240 ± 150) or sense DNA oligomers (1,414 ± 206) did not differ ( P < .05). In contrast, uptake of Gly-Sar by oocytes injected with antisense DNA and RNA (462 ± 26) did not display any induced Gly-Sar absorption ability.
Discussion
This research was conducted to determine whether mRNA that encode for proteins capable of small peptide transport could be identified in the forestomach epithelia of sheep. The potential for intact peptide-bound amino acid absorption across these tissues has been identified (Webb et al., 1993; . mRNA was isolated from Figure 5 . Competitive absorption of glycyl-L-sarcosine (Gly-Sar) by defolliculated Xenopus oocytes injected with water (endogenous) or size-fractionated sheep omasal epithelium poly(A)+ RNA (RNA). Induced uptake was calculated as the difference in Gly-Sar uptake by oocytes injected with water and with RNA. Oocytes were assayed for Gly-Sar uptake in pH 5.5 media containing .1 mM Gly-Sar (GS) or .1 mM GS plus 5 mM L-carnosine (C), L-methionylglycine (MG), glycyl-L-leucine (GL), or L-glycine (G). Each bar represents across group (n = 3) absorption means ± SE of oocytes injected with water (n = 7 to 12) or RNA (n = 7 to 10). Uptake of Gly-Sar (.1 mM) by oocytes injected with RNA (n = 10) was greater (P < .007) than for waterinjected oocytes (n = 12). Within treatments, bars lacking a common letter differ (P < .05). Oocytes were assayed for Gly-Sar uptake in pH 5.5 media (.4 mM Gly-Sar). Each bar represents group (n = 1) absorption means ± SE of oocytes injected with water (no RNA; n = 5 to 10), or injected with RNA (n = 6 to 9). Between water injection treatments, uptake of Gly-Sar by oocytes injected with RNA (n = 9) was greater (P < .001) than by oocytes not injected with RNA (n = 10). Within treatments, bars lacking a common letter differ (P < .05).
omasal, rather than ruminal epithelium, because of the relatively greater in vitro ability of omasal epithelial tissue to absorb dipeptides . The results of the current study show that mRNA that encode for proteins capable of inducing mediated Gly-Sar uptake have been identified from the scraped omasal epithelium of mature sheep. Therefore, the results from this study indicate that the sheep genome contains the gene(s) for a protein(s) capable of mediating dipeptide transport, which is expressed in omasal epithelial cells.
Gly-Sar was used as a representative dipeptide substrate because of its proven role as a model substrate in the identification of peptide transport activity in epithelial tissue (Matthews, 1983) , brush border membrane vesicles (Ganapathy et al., 1984) , and cultured cells and because its role as a substrate for the cloned mammalian H + / peptide cotransport protein has been well characterized (Fei et al., 1994) . To demonstrate that the representative 14 C radiolabel for [ 14 C]Gly-Sar absorption was not being absorbed in the form of unbound [ 14 C]glycine, the ability of oocytes to absorb Gly-Sar in the presence of 5 mM glycine was evaluated ( Figure  5 ). That a 50-fold greater concentration of glycine failed to affect the quantity of Gly-Sar absorbed by oocytes injected with water or RNA indicates that the representative 14 C radiolabel was not absorbed as [ 14 C]Gly.
Xenopus laevis oocytes were selected as the expression system and as the experimental model for determining potential mediated absorption because of their faithful translation of mammalian mRNA, processing and targeting of proteins, and reliable characterization of exogenous cell membrane permeases (Hediger et al., 1987; Tarnuzzer et al., 1990; Miyamoto et al., 1991) . Additionally, the endogenous ability of defolliculated Xenopus laevis oocytes to absorb Gly-Sar has been reported to be low (Miyamoto et al., 1991) .
The time requirement of 3 to 4 d for the expression of mRNA-induced Gly-Sar transport activity ( Figure  2 ) is consistent with that observed to be required for oocyte translation, processing, and insertion into plasma membranes of mammalian peptide permeases by defolliculated Xenopus laevis oocytes after injection with rabbit (Miyamoto et al., 1991) and human (Saito et al., 1993) intestinal mRNA species. In these studies, induced peptide transporter activity was increased in the presence of an extracellular-tointracellular proton gradient. Therefore, these previous studies appeared to have identified mRNA species that may encode for the protein(s) responsible for the reputed concentrative H + /peptide symport of small peptides across mammalian epithelial membranes (Ganapathy and Leibach, 1983; Said et al., 1988; Daniel et al., 1991) .
Cloned mammalian proteins reported to induce H + / peptide cotransporter activity in Xenopus laevis oocytes have also displayed the functional feature of mediating Gly-Sar (Fei et al., 1994) and antibiotic absorption in a H + -dependent manner. In the present study a similar result was observed (Figure 3) , with the presence of an extracellular-to-intracellular H + gradient of at least one log unit in magnitude being necessary to stimulate induced Gly-Sar uptake. In contrast, increasing the H + concentration of the media reduced endogenous GlySar uptake. Because Gly-Sar is zwitterionic at pH 6.5 , increasing the H + concentration of the media should result in the molecules being more positively charged. Thus, as media pH changed from 6.0 to 5.5 and to 5.0, more Gly-Sar would have been positively charged, and at pH 7.5, more negatively charged, relative to pH 6.5. Hence, it appears that induced transport activity was stimulated by a charged substrate and(or) is able to utilize free H + as an ionic driving force for Gly-Sar uptake. In contrast, endogenous uptake was clearly inhibited by these factors.
Induced uptake of Gly-Sar was saturable, but endogenous absorption was not (Figure 4) . The affinity constant of .40 ± .23 mM for induced Gly-Sar absorption at pH 5.5 is lower than the value of 1.9 mM reported for Gly-Sar by oocytes injected with the copy RNA for rabbit PepT1, as determined by electrophysiological measurement of induced transmembrane currents at pH 5.5 (Fei et al., 1994) . These results suggest that the rabbit and sheep and(or) intestine and omasum may possess functionally different isoforms of the same protein.
Both endogenous and induced Gly-Sar uptake were inhibited by the dipeptides methionylglycine and glycylleucine in the uptake media but not by the free amino acid glycine ( Figure 5 ). Only induced Gly-Sar uptake was inhibited by co-incubation with carnosine. For methionylglycine and glycylleucine, the magnitude of this inhibitory effect was least for oocytes injected with water and may indicate a difference between the function and structure of proteins capable of stimulating peptide absorption in Xenopus germ cells and in omasal epithelial cells. The ability of carnosine, methionylglycine, and glycylleucine to inhibit induced Gly-Sar uptake indicates that these dipeptides were recognized and probably transported by the same transport protein(s). Carnosine and glycylleucine also have been identified as substrates of PepT1 (Fei et al., 1994) .
Combined, the data in Figures 3, 4 , and 5 clearly show that the absorption of Gly-Sar by oocytes injected with sheep omasal epithelium mRNA confers to Xenopus oocytes an enhanced and characteristically different ability to absorb Gly-Sar. Induced Gly-Sar uptake was maximal in the presence of a 1 log unit magnitude proton gradient (Figure 3) , was mediated by a saturable process (Figure 4) , and was inhibited by the presence of several dipeptides ( Figure 5) . In contrast, endogenous oocyte uptake of Gly-Sar was progressively inhibited as a proton gradient was established, was not saturable from .1 to 6.4 mM GlySar concentrations, and was not inhibited by the presence of carnosine (Figures 3, 4 , and 5, respectively). Therefore, the observed induced Gly-Sar uptake activity appeared to be the result of oocytes expressing proteins encoded by mRNA species that were isolated from sheep omasal epithelium.
Incubating omasal poly(A) + RNA with DNA oligomers that are complementary to regions flanking the translation start site of PepT1 results in the complete inhibition of induced Gly-Sar capacity ( Figure 6 ). Therefore, this experiment indicates that the mRNA isolated from sheep omasal epithelial cells shares a homologous region flanking the translation start site (at least) to the PepT1 protein. The PepT1 protein has been identified as a H + /peptide symporter in rabbit and human intestinal tissue and shares approximately 50% identity and 70% similar primary structure homology to the recently cloned human renal H + /peptide cotransport protein, PepT2 (Liu et al., 1995) .
That induced Gly-Sar uptake was inhibited indicates that mRNA encoding for H + /peptide cotransporter-like activity was enriched in fractions F34, F35, and F36. Fractions F37, F38, F39, and F40, which also demonstrated the ability to induce Gly-Sar uptake in these studies, were not tested for mRNA sequence homology to the cloned rabbit H + /peptide cotransport protein.
The poly(A) + RNA used in this study were isolated from epithelial tissue that had been scraped from omasal laminae. Because the omasal forestomach epithelium is composed of four strata of different cell types (Steven and Marshall, 1970) , neither the cell type nor the cell membrane location of potential peptide transport activity can be determined from this study. We are aware of only one study that has investigated and identified forestomach epithelial tissue as being capable of the intact, transepithelial absorption of carnosine and methionylglycine . Because of the observation that the absorption of carnosine (6.0 to 96.0 mM) and methionylglycine (.375 to 22.0 mM) was not saturable, concluded that absorption of dipeptides across ruminal and omasal tissue sheets was by non-mediated absorption processes. In hindsight, based on the determination of a K t constant of .4 mM for Gly-Sar by the current study, attempts to identify mediated uptake of carnosine and methionylglycine by demonstration of saturable absorption may have been confounded by the use of substrate concentration levels that probably were in excess of mediated transport capacity.
In summary, we have demonstrated the ability to extract, enrich, and express mRNA species from sheep omasal epithelium in Xenopus laevis oocytes. Characterization of the function of induced transporter activity indicates that mRNA that encode for a protein capable of mediating the transport of Gly-Sar, and of recognizing other dipeptides, are expressed by the omasal epithelium of mature, grass-fed sheep.
Implications
The observations of this study indicate that the omasal epithelium possesses mRNA that encode for mediated dipeptide transport. If these mRNA are translated, then these results describe the identification and functional characterization of a membrane permease(s) that would act to absorb small peptides from the forestomach liquor of ruminants. If so, then another site for the absorption of amino acids in ruminants has been identified.
